Background Studies in breast cancer-related lymphedema (BRCL) have exclusively examined total arm volume, but not the specific tissue composition that contributes to total volume. We evaluated baseline differences in arm tissue composition [fat mass, lean mass, bone mineral content (BMC), and bone mineral density (BMD)] between the affected and unaffected arms in women with BRCL. We compared changes in arm tissue composition and self-reported lymphedema symptoms after 1 year of weight-lifting versus control. Methods We utilized data from physical activity and lymphedema trial that included 141 women with BRCL. Arm tissue composition was quantified using dual-energy X-ray absorptiometry. The severity of lymphedema was quantified using self-report survey. Weight-lifting was performed at community fitness facilities. Results At baseline, the affected arm had more fat (D = 89.7 g; P \ 0.001) and lean mass (D = 149.1 g; P \ 0.001), but less BMC (D = -3.2 g; P \ 0.001) and less BMD (D = -5.5 mg/cm 2 ; P = 0.04) than the unaffected arm. After 12 months of weight-lifting, composition of the affected arm was improved: lean mass (71.2 g; P = 0.01) and BMD (14.0 mg/cm 2 ; P = 0.02) increased, arm fat percentage decreased (-1.5%; P = 0.003). Composition of the unaffected arm was only improved in lean mass (65.2 g; P = 0Á04). Increases in lean mass were associated with less severe BCRL symptoms. Conclusions Among women with BRCL, slowly progressive weight-lifting could improve arm tissue composition. Changes in arm tissue composition predict changes in symptom burden. Investigating the combined effects of exercise and weight loss on arm tissue composition and BCRL symptoms may provide additional insight into the benefits of lifestyle modification on lymphedema biology.
Introduction
Breast cancer (BrCa) is the most common cancer in women, with more than 3.1 million survivors alive in the United States [1] . A frequent side effect of BrCa treatment is breast cancer-related lymphedema (BCRL) [2] . Women with BCRL may experience pain, impaired upper-extremity mobility and function, decreased physical activity, fatigue, distress, and poorer quality of life [3] [4] [5] [6] . BCRL results from lymph node removal, radiation therapy, and postoperative infections [7] . The reported prevalence of BCRL varies from 5 to 54%, depending on the method of measurement used, threshold for diagnosis, length of follow-up, and population studied [8] .
BCRL changes the tissue composition of the affected limb [9] . Initially, swelling is caused by the accumulation of watery lymphatic fluid. As lymphedema progresses, an increased deposition of fibrosclerotic tissue and fat occurs [10] . Aspirates from liposuction of lymphedematous arms consist of 68-93% fat and 7-32% interstitial fluid [11, 12] . Persistent lymphedema in the affected arm may result in altered fat and lean (muscle: non-fat, non-bone) tissues when compared to the unaffected limb [13] .
Prior clinical trials have suggested that slowly progressive weight-lifting among women with BCRL can increase upper and lower extremity muscular strength, reduce the number and severity of BCRL symptoms, and reduce the incidence of BCRL exacerbations [14] [15] [16] [17] . Many of these trials have demonstrated that limb volume does not significantly change with slowly progressive weight-lifting [15] . However, studies to date have exclusively examined total arm volume, and not the specific tissue compartments that contribute to total volume. Improvements in muscular strength, BCRL symptoms, and BCRL exacerbations are consistent with the hypothesis that the tissue compartments of the affected limb (e.g., fat, lean, and bone) may be favorably altered in response to slowly progressive weightlifting.
To explore this hypothesis, we conducted a post hoc analysis of a randomized trial of slowly progressive weight-lifting among women with BCRL. We explored whether (1) baseline arm tissue composition in the affected limb differed from the unaffected limb; (2) arm tissue composition in the affected and unaffected limb changed after 12 months of slowly progressive weight-lifting; (3) baseline body mass index (BMI) or grade of BCRL modify the magnitude of 12 months weight-lifting effect on the changes in the arm tissue composition; and (4) changes in arm tissue composition correlate with changes in arm volume, patient-reported BCRL symptom number or severity.
Methods Participants
The primary aim of the physical activity and lymphedema (PAL) trial was to assess the safety of slowly progressive weight-lifting among breast cancer survivors with lymphedema (n = 141) [16] . A detailed description of the PAL trial methods is described elsewhere [18] . Breast cancer survivors were recruited from the metropolitan Philadelphia region. The presence of lymphedema was defined as one of the following conditions: (1) C10% interlimb discrepancy in volume or circumference at the point of the greatest visible difference; (2) meeting any of the Common Toxicity Criteria Adverse Event version 3.0 for BRCL (swelling, obscuration, or pitting); and (3) prior clinical diagnosis of BCRL that was confirmed by study measurements or by a clinician [16, 18] . Participants were eligible for the study if they were a female breast cancer survivor, 1-15 years post-diagnosis, free from cancer at study entry, with C1 lymph node removed, and with no medical conditions or contraindicated medications that would prohibit participation in an exercise program. Additional eligibility criteria included a BMI B 50 kg/m 2 , no plans for surgery during the study, no history of bilateral lymph node removal, no weight-lifting in the previous year, stable body weight (\10% change in the past year), and not attempting to lose weight. Participants were randomized to one of the two study groups described below. This trial was approved by the University of Pennsylvania Institutional Review Board. All participants provided written informed consent and provided written clearance from their physician prior to participating in any studyrelated activities.
Intervention
Briefly, study participants randomized to the weight-lifting group were provided with a 12-month community fitness center membership. For the first 13 weeks, participants were instructed on safe completion of weight-lifting exercises in groups of 2-6 participants. Certified exercise professionals employed by the fitness centers led the twice weekly 90-min exercise sessions. Each session included stretching, cardiovascular warm up, abdominal and lower back strengthening exercises, and weight-lifting exercises. Weight-lifting exercises for the upper body included the dumbbell press, seated row, lateral or front raise, bicep curls, and triceps extension. Weight-lifting exercises for the lower body included the leg press, back extension, leg extension, and leg curl. For each exercise session, three sets of each weight-lifting exercise were performed, 10-repetitions per set. Weight was progressed by the smallest possible increment after two sessions at which three sets of 10 repetitions could be performed without symptom changes. No maximal upper limit was placed on the weight progression.
After 13 weeks, participants continued with unsupervised weight-lifting for 39 weeks. Participants continued to adhere to the same exercise prescription. Attendance logs completed by study participants were verified for completion by the exercise professionals. Adherence was defined as attendance to weight-lifting sessions. The exercise professionals contacted study participants if they missed more than one exercise session each week throughout the year. Participants in the control group were asked to maintain their baseline level of physical activity. Upon study completion, control group participants were offered a 12-month fitness center membership and 13 weeks of supervised exercise instruction, similar to that of the weight-lifting group.
At baseline, study participants received a custom-fitted compression garment (Jobst, BSN Medical) to wear during exercise sessions. A second garment was provided at six months. At night, participants were allowed to follow their usual lymphedema care routine and were not required to wear garments [19] .
Measurement
Measurements were obtained from all participants at baseline and 12 months by trained staff that followed a standardized protocol and were blinded to study group. Demographic characteristics including age and race were self-reported at baseline. Clinical characteristics including time since cancer diagnosis, cancer stage, and cancer treatment were collected from the state cancer registry, surgical pathology report, or self-report. Body mass (kg) and height (m) were used to calculate BMI (kg/m 2 ). BCRL burden was quantified by self-report on a validated survey assessing the presence and severity of 14 common BCRL symptoms [16, 18] .
Arm volume was quantified by water displacement volumetry (ml). DXA was used to quantify arm tissue composition including fat mass (g), lean mass (non-fat and non-bone, g), bone mineral density (BMD, mg/cm 2 ), and bone mineral content (BMC, g) using Hologic APEX v. 13.4 software. Arm fat percentage was calculated as the percent of arm fat mass to arm limb mass. DXA presents high reliability and validity to quantify soft-tissue mass across upper and lower extremity and has been used to quantify arm tissue composition, such as fat mass, lean mass among older adults, postmenopausal and women with BCRL [20] [21] [22] .
Statistical analysis
All statistical analyses were completed using Stata MP Version 14.0 (StataCorp, College Station, TX). v 2 and t test were used to compare the baseline characteristics. All inferential analyses were conducted on an intention-to-treat basis. Comparisons of baseline arm tissue composition differences between the affected and unaffected limbs were made using a t test. In addition, multivariable models used linear regression to adjust for covariates that may explain differences in arm volume (i.e., hand dominance may influence lymphedema outcomes [23] ). Between-group changes in arm volume (ml), fat mass (g), arm fat percentage, lean mass (g), BMD (mg/m 2 ), and BMC (g), as well as the self-reported lymphedema symptoms were evaluated from baseline to 12 months using repeated measures linear mixed-effects regression models. This statistical approach includes all available data and accounts for the correlation between repeated measures. The baseline value of the dependent variable was included as a covariate in the regression models to reduce variance [24] and a group-by-time interaction term was included as a fixed effect to assess the between-group change over time.
To determine if the magnitude of benefit from weightlifting on arm tissue composition varied by baseline BMI category (normal weight, overweight, obese) and baseline lymphedema grade (grades 1, 2, 3), we examined interaction effects using the 3-way interaction of group-by-timeby-BMI category (or group-by-time-by-lymphedema grade), and tests for trend were calculated using linear contrasts in the regression model. Correlation and linear regression were used to examine the relationship between changes in arm tissue composition over 12 months and changes in lymphedema symptoms (arm volume and selfreported survey). In sensitivity analyses, baseline values were carried forward for the 11 women for whom DXA data were not available at 12 months. Additionally, perprotocol analyses were conducted that excluded the participants who did not have a 12-month follow-up measurement. Results of the sensitivity analyses did not differ from those presented herein.
Results
Between October 2005 and February 2007, 141 breast cancer survivor with BCRL were recruited and randomly assigned into the weight-lifting (n = 71) and control groups (n = 70) (Fig. 1) . Median attendance to exercise sessions was 88% in weight-lifting group, including the five women who were lost to follow-up [16, 18] . Table 1 depicts the demographic and clinical characteristics. At baseline, there were no differences in interlimb volume difference between the two groups. Within person, compared to unaffected arm, the affected arm had significantly higher absolute volume (?414.8 mL, P \ 0.001), fat mass (?89.7 g, P \ 0.001), lean mass (?149.1 g, P \ 0.001), but less BMD (-5.5 mg/cm 2 , P = 0.04) and BMC (-3.2 g, P \ 0.001) ( Table 2) .
At 12 months, compared to the control group, women in the weight-lifting group demonstrated improvements in arm tissue composition in their affected limb, with no changes observed in arm volume as assessed by water volumetry (Table 3 ). In the affected limb, lean mass (71.2 g, P = 0.01) and BMD (14.0 mg/cm 2 , P = 0.02) increased significantly among women in the weight-lifting group when compared to the control group. Arm fat percentage decreased (-1.5%, P = 0.003). Fat mass reduced without meeting statistical significant (-57.9 g, P = 0.13). In the unaffected arm, lean mass also significantly increased (65.2 g, P = 0.04) ( Table 3) . Stratified analyses for arm dominance and time since lymphedema diagnosis did not modify our conclusions (data not shown).
An interaction was observed between BMI category and changes of affected arm tissue composition after 12-month weight-lifting (P interactions \0.04, Table 4 ). Compared with normal BMI, women with higher BMI had a smaller magnitude of loss in affected arm fat mass percentage (P linear trend = 0.002), and a smaller magnitude of improvement in lean mass (P linear trend = 0.03) as a result of weight-lifting. Another interaction was observed between BCRL grade and changes of affected arm tissue composition after 12-month weight-lifting (P interactions \0.05, Table 4 ). Compared to BCRL grade 1, women with higher lymphedema grade had a smaller magnitude of loss in affected arm fat mass percentage (P linear trend = 0.04) in response to weight-lifting ( Patients with lymphedema randomly assigned (N= 141) Fig. 1 CONSORT diagram of enrollment, random assignment, and follow-up of women with lymphedema in PAL study (141/295, 47.8% of total sample size). Other reasons for exclusion: never called back to finish screening, lived too far from participating fitness centers, were eligible for phone screening, but never provided consent, consented but did not undergo randomization, had life circumstances that interfered, were determined to be ineligible after providing consent, did not respond to attempts by study staff to make contact weight-lifting (results not shown). Supplementary table presents weight-lifting effects on absolute differences of arm tissue compositions.
We also assessed the correlation between change in arm tissue composition after 12-month weight-lifting and severity and frequency of lymphedema symptoms. Arm volume, arm fat mass, arm fat percentage, and BMD and BMC were not associated with changes in lymphedema symptom severity or frequency. However, we found that improvement of lean mass in affected limb after 12-month weight-lifting correlated with reduced severity of lymphedema symptoms. For each 1 kg increase in lean mass, the severity of lymphedema symptoms decreased 0.86 on the scale of 0-3 (P = 0.04). The improvement of lean mass was not associated with changes in the frequency of lymphedema symptoms (data not shown). In addition, with every 1% decrease in arm fat percentage, affected limb volume reduced 13.81 ml (P = 0.03).
Discussion
Our findings demonstrate that weight-lifting results in significant improvements in tissue composition in the affected limbs of women with BCRL. Weight-lifting increased lean mass and BMD, and reduced arm fat percentage, despite no changes in overall arm volume (previously reported in our main results paper for the PAL Trial [18] ). These effects were not observed in the unaffected limb, in which a significant increase in lean mass was noted. The beneficial effect of weight-lifting may be attenuated among women with a high BMI or who had higher lymphedema grade at baseline. In addition, our findings suggest that improvement in lean mass from 12-month weight-lifting is associated with reduced severity of lymphedema symptoms, and the decrease in arm fat percentage was associated with a reduction in affected limb volume. To our knowledge, this is the first report of the effects of any intervention to improve arm tissue composition among women with BCRL. In the unaffected arm, the only improvement observed as a result of 12-month weight-lifting was in the lean mass. It appears a lymphedematous environment responds more favorably to a weight-lifting stimulus, perhaps in an attempt to re-establish homeostasis within the arm, compared to the non-lymphedematous environment. Lymphedematous tissue differs from non-lymphedematous tissue in a number of ways. For example, lymphedematous tissue has been shown to have vascular insufficiency, demonstrating higher adipogenic gene expression and the enhanced ability to undergo adipogenic differentiation, coupled with a lower vasculogenic gene expression and diminished capability to form tubules [25] . In the early stages of BCRL, swelling is caused by a watery lymphatic edema. As BCRL progresses, the tissue consistency begins to harden and is characterized by fibrosclerosis and fat deposition. The dominant structural elements in chronic lymphedema are collagen fibers and fibroblast migration. However, there have been no systematic studies of BCRLrelated changes in the extracellular matrix components [10] . Our finding is consistent with prior cross-sectional studies that the affected limb includes more fat and lean mass compared with unaffected limb [13] .
Women with BCRL report functional limitations due to reduced strength, increased pain, and edema [26] [27] [28] . BCRL also leads to psychological distress and lower quality of life [3, 5, 26, 29] . Weight training exercise can provide benefits by challenging skeletal muscles with controlled physiological stress to the onset of muscle fatigue [30, 31] . Specifically, weight training exercise significantly improves lean body mass and muscular strength compared with usual care, and even aerobic exercise [16, 32, 33] . Weight-lifting could also attenuate the decline of appendicular skeletal muscle mass [14] . Upper body function and strength are also improved with weight-lifting, and these outcomes might be particularly important for breast cancer survivors [15] . In addition, a revised weight-lifting intervention [strength after breast cancer (SABC)] has been translated and delivered in the outpatient rehabilitation clinic setting using similar intervention elements from the PAL trial [34] . This revised intervention included four small group physical therapy sessions and an expectation that participants would be able to complete twice weekly weight-lifting training at home. Participants in the SABC programs also demonstrated improvements in lymphedema symptoms, muscular strength, and body image among women with breast cancer, which suggested that breast cancer survivors could benefit from clinicians' referral to such programs. Adjusted for dominance, no effect changes 95% CI 95% confidence interval a Subtracting unaffected from affected limb b t test Therefore, previous evidence, together with the findings from this post hoc analysis, suggests that women with BCRL could improve arm tissue composition and arm strength from weight training exercise, to reduce lymphedema symptoms, prevent functional impairment, and improve the quality of life after breast cancer surgery. Future studies to identify morphological changes in lymphedema progressions and to quantify the association of improvements of lean mass and arm strength are needed to better understand the pathophysiology and clinical relevance of compositional changes in BCRL.
Strengths and limitations
There are several limitations of this trial. We observed modifications of the effect of weight-lifting by BMI category and lymphedema grade. However, sample size precluded examination of the interaction effect of lymphedema grade and BMI category on changes in arm tissue composition. Given the long-standing evidence that obesity is associated with worse clinical course of lymphedema [35, 36] , it will also be important for future studies to examine the effect of weight loss alone and together with weight-lifting. Understanding how weight loss and weight-lifting training may work synergistically for tissue composition improvement among women with BCRL is important to finding ways to control this chronic condition to garner other health and quality of life benefits for breast cancer survivors. Change in arm tissue composition after 12-month weight-lifting was not a primary outcome of the PAL trial. Therefore, participants were not enrolled into this trial on the basis of improving arm tissue composition measured by DXA. Assessment of the validity of measuring changes in arm tissue composition by DXA data to present the morphological changes in lymphedematous tissue requires further attention. Although the selfreported survey we used to quantify the severity of lymphedema symptoms is valid, a better clinical assessment tool, perhaps lymphoscintigraphy, should be developed to measure the severity of lymphedema symptoms objectively. This analysis was not pre-specified in the PAL trial protocol and therefore should be interpreted as exploratory and hypothesis generating. There are several strengths to this analysis. To our knowledge, this is the first study to examine the effect of slowly progressive weight-lifting on the change in arm tissue composition. In addition, we used DXA to quantify segmental arm tissue compartments (fat, lean, and bone), which is a well-validated measure of body composition, including fat, lean, and bone [20] [21] [22] 37] . Another strength of this study is PAL trial that included participants with a wide range of arm volume (1630-5890 mL) and BMI (range 17.7-48 kg/m 2 ), which provided the opportunity to examine the benefit of weight-lifting intervention among women with BCRL in different body shapes. We also included a racially diverse population (42% minority women) with a wide range of time since diagnosis (1-15 years) and the high rate of follow-up. This suggests that the arm tissue benefits of a slowly progressive weightlifting program might be broadly generalizable to women with BCRL.
Conclusion
In conclusion, despite no change in overall arm volume, a twice weekly slowly progressive weight-lifting program resulted in a significant improvement in the fat and lean tissue composition, of the lymphedematous limb. Observed changes are consistent with the hypothesis that the changes are in lymphedematous tissue. Moreover, improvement of lean mass from weight-lifting intervention was associated with reduced severity of lymphedema symptoms, and the decrease in arm fat percentage was associated with a reduction of arm volume. Clinicians treating BRCA survivors with lymphedema may wish to prescribe such program (i.e., SABC, http://klosetraining.com) with the goal of improving this chronic condition.
